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ABSTRACT
CO2 ice has a phase transition at 35 K when its structure changes from amorphous to crystalline. Using
Reflection absorption Infrared Spectroscopy (RAIRS), O¨berg et al. (2009) observed that the photodesorption
yield of CO2 ice deposited at 60 K and irradiated at 18 K is 40% lower than that of CO2 ice deposited and
irradiated at 18 K. In this work, CO2 ices were deposited at 16–60 K and UV-irradiated at 16 K to rule out
the temperature effect and figure out the relationship between photodesorption yield and ice structure.
IR spectroscopy is a common method used for measurement of the photodesorption yield in ices. We found
that undetectable C atoms produced in irradiated CO2 ice can account for 33% of the amount of depleted CO2
molecules in the ice. A quantitative calibration of QMS was therefore performed to convert the measured ion
current into photodesorption yield. During various irradiation periods, the dominant photodesorbing species
were CO, O2, and CO2, and their photodesorption yields in CO2 ices deposited at different temperature
configurations were almost the same, indicating that ice morphology has no effect on the photodesorption yield
of CO2 ice. In addition, we found that the lower desorption yield reported by Mart´ın-Dome´nech et al. (2015)
is due to a linear relationship between the photodesorption yield and the combination of energy distribution
of Microwave-Discharge Hydrogen-flow Lamp (MDHL) and UV absorption cross section of ices.
Keywords: ISM: molecules methods: laboratory: molecular ultraviolet: ISM
1. INTRODUCTION
In the interior of dense clouds, gaseous molecules col-
lide with dust grains and accrete to form ice mantles
due to the low dust grain temperature of around 10
K. Desorption of ice molecules induced by cosmic rays
and secondary ultraviolet (UV) photons is expected to
contribute to the observed gas phase abundances to-
ward cold regions where thermal desorption is inhibited
(Mun˜oz Caro et al. 2016; O¨berg et al. 2007b; Westley
et al. 1995; Willacy & Millar 1998). The secondary UV
field is produced by the interaction of cosmic rays and
hydrogen molecules (Cecchi-Pestellini & Aiello 1992;
Weinberg et al. 2003; Shen et al. 2004). In general, when
Corresponding author: Y.-J. Chen
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a molecule in the ice bulk absorbs a photon, it becomes
excited, and may transfer a fraction of its energy to the
molecules near the surface leading to their desorption,
which is the so called desorption induced by electronic
transition (DIET) (Bertin et al. 2012; Fillion et al. 2014;
Mart´ın-Dome´nech et al. 2015).
CO2 is one of the most common species in interstellar
ices and has been observed toward many high- and low-
mass young stellar objects (YSOs), with abundances up
to 19%–28% relative to H2O (Boogert et al. 2015 and
references therein). Solid CO2 is not only a significant
chemical tracer of carbon and oxygen in star-forming re-
gions (Van Broekhuizen et al. 2006; van Dishoeck et al.
2006; Cooke et al. 2016), but is an indicator of the tem-
perature history as well (Kim et al. 2012; Pontoppidan
et al. 2008).
CO2 photodesorption has already been the subject of
other scientific studies, but its connection with the ice
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structure is still not well understood. (Yuan & Yates
2014) discussed the photodesorption rate of CO2 ice
under radiation damage, indicating that the photodes-
orption yield of CO2 ice depends on its structure. In
addition, the amorphous CO2 ice provides facile path-
ways for CO and CO2 molecules passing through the ice
bulk and reaching the surface, which contributes to a
more efficient desorption compared to crystalline CO2
ice (Cooke et al. 2018). (Bahr & Baragiola 2012) mea-
sured the photodesorption yields of CO2 irradiated by
Lyα photons at 16–60 K, showing that the photodes-
orption yield of CO2 ice strongly depends on temper-
ature. However, CO molecules are efficiently produced
in the ice bulk due to CO2 photodissociation during ir-
radiation. Thermal desorption of photo-produced CO
molecules near 30 K may influence the photodesorption
of CO2 above this temperature. In O¨berg et al. (2009),
the CO2 deposited at 60 K and cooled down to irradiate
at 18 K has a 40% lower photodesorption yield compared
to the CO2 deposited at 18 K, suggesting that the CO2
photodesorption yield depends on temperature as well
as structure. On the other hand, the photodesorption
yield of CO ice is found to be linearly temperature de-
pendent between 8–20 K in Mun˜oz Caro et al. (2016),
while the structure of CO ice changed only above 20 K,
which means that the photodesorption yield of CO is
not directly related to the CO ice structure. In addition
to a more efficient photodissociation of CO2, compared
to CO ice, the former is an apolar molecule and the later
has a weak dipole moment.
In order to investigate the relationship between the pho-
todesorption yield of CO2 ice and its morphology, CO2
ice was deposited at 16 and 30 K to produce amorphous
structure whereas deposition at 40, 50, and 60 K served
to create crystalline CO2 ice, since the phase change
occurs at ∼ 30 K (Escribano et al. 2013). After deposi-
tion, the vacuum-ultraviolet (VUV) irradiation of CO2
ice was done at 16 K to measure the photodesorption
yield in the absence of thermal desorption while pre-
serving the initial ice structure. According to Escribano
et al. (2013), the morphology of CO2 ice depends on
temperature, which can provide us the temperature his-
tory of the environment (d’Hendecourt et al. 1989; Kim
et al. 2012; Pontoppidan et al. 2008). In this report,
we executed a quantitative calibration of a quadrupole
mass spectrometer (QMS) to convert the relative ion
current value to a photodesorption yield. Differences
in the photodesorption yields between this work and
Mart´ın-Dome´nech et al. (2015) come from the weighted-
absorption intensity from the different emission spec-
tra of the VUV lamps, which means the photodesorp-
tion yield is positively proportional to the weighted-
absorption intensity.
2. EXPERIMENTAL METHODS
2.1. Experimental procedure
The experiments were performed using the Interstel-
lar Photoprocess System (IPS), which includes three
parts: the main system, the gas-line and detectors Chen
et al. (2014). The main system is an ultra-high-vacuum
(UHV) chamber with background pressure ≈ 3× 10−10
torr, equipped with a closed-cycle helium cryostat to
cool down the KBr substrate to 16 K. The gas-line is
used for preparing CO2 gas (Matheson Tri-gas, 99.995%)
for deposition. The detectors consist of a transmission
Fourier transform infrared spectrometer (FTIR) (ABB,
FTLA 2000-104) and a quadrupole mass spectrometer
(QMS) (MKS Instruments, Microvision 2), which are
used to monitor the ice and the desorbing molecules
during irradiation, respectively. The column densities
of CO2 ices were controlled to be 140 ± 2 ML (1 ML
= 1015 molecules cm−2). The IR absorption strength
adopted for solid CO2 is 7.6 × 10−17 cm molecule−1 at
2342 cm−1 (Bouilloud et al. 2015; Yamada & Person
1964), and 1.1× 10−17 cm molecule−1 at 2138 cm−1 for
solid CO ice (Jiang et al. 1975).
The energetic VUV photons are generated by the T-type
MDHL with an H2 pressure of 0.4 torr, photon energy
from 6.89 to 10.88 eV (180–114 nm), ≈ 4.8×1013 photon
cm−2 s−1 flux, and 45◦ incident angle to the substrate.
The spectrum of this Microwave-Discharge Hydrogen-
flow Lamp (MDHL) has been studied in detail by Chen
et al. (2014) and is similar to that of the calculated UV
field in dense cloud interiors (Gredel et al. 1989). After
cooling down the system to a specific temperature, CO2
ice was deposited with the pressure at 5× 10−9 torr for
∼ 4 minutes, accompanied by the collection of IR spec-
tra in situ. The VUV irradiation was done at 16 K,
and the total irradiation time was 90.5 minutes. During
12 irradiation cycles, the idle intervals were 3 minutes
between cycles.
2.2. Quantitative calibration of mass spectrometer
CO ice was chosen for quantitative calibration of
QMS. The most important characteristic of CO ice is
that the conversion efficiency of CO into CO2 (the only
observed photoproduct is CO2 for a CO ice thickness less
than 30 ML) is less than 5% and, in addition, the CO
ice photodesorption yield is relatively high (Mun˜oz Caro
et al. 2010). CO ice is, therefore, the best candidate for
quantitative calibration of QMS. The experimental pro-
cedure of CO ice irradiation is the same as described in
Section 2.1, with an ice thickness of 21 ML and VUV
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irradiation at 16 K for 1 hour.
In order to correlate the relative signal of QMS ion cur-
rent measured during photodesorption and the decrease
of the CO ice column density, the quantification factor
kIPS(CO) is defined as
kIPS(CO) =
N(CO)
A(CO)
(1)
where N(CO) is the column density of the photodes-
orbed CO derived from IR spectra, and A(CO) is the
accumulated ion current signal of CO during VUV ir-
radiation. The subscript IPS is used to distinguish
the quantification factor kISAC(CO) defined by Mart´ın-
Dome´nech et al. (2015), which is reciprocal to the def-
inition of kIPS(CO) and conducted within InterStellar
Astrochemistry Chamber (ISAC). According to Mart´ın-
Dome´nech et al. (2015), the photodesorption of a species
can be obtained by comparing to CO and quantified by
kIPS(CO) with the equation:
N(mol) = A(mol)× kIPS(CO)× σ
+(CO)
σ+(mol)
×
IF (CO
+)
IF (z)
× FF (28)
FF (m)
× S(28)
S(m/z)
(2)
where N(mol) is the number of a certain desorbing
molecule or atom, A(mol) is the accumulated ion cur-
rent from QMS, σ+(mol) the ionization cross section for
first ionization of the molecule under incident electron
energy in QMS, IF (z) the ionization factor, FF (m) the
fragmentation factor, and S(m/z) is the sensitivity of
mass fragment m/z to QMS. The procedure to deter-
mine this ratio of sensitivity can be obtained by the ra-
tio of kQMS×S(m/z), where kQMS is the proportionality
constant, which is independent on species. The proce-
dure of figuring out this ratio is presented in detail in
Mart´ın-Dome´nech et al. (2015), and the corresponding
equation is
kQMS × S(m/z) = 0.14× e
−m/z
18.65 (3)
3. RESULTS AND DISCUSSION
3.1. VUV irradiation for CO2 ice
3.1.1. Photodesorption as seen by the Infrared spectrometer
From IR spectra of CO2 ices deposited at 16, 30, 40,
50, and 60 K (Figure 1), it is obvious that the struc-
ture of CO2 ice is temperature dependent. From the
temperature programmed desorption of pure CO2 ice,
the absorbance of CO2 changed at ∼30 K, which rep-
resents the transition to a less amorphous and porous
ice (Escribano et al. 2013). Hence, CO2 deposited at
16 and 30 K possesses a partially amorphous structure,
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Figure 1. IR absorbances of CO2 ices at different deposi-
tion temperatures. In these experiments, the initial column
density of CO2 was about 140 ML.
whereas it is more ordered and compact at 40, 50, and
60 K configurations. The stretching band (ν 3) of CO2
is composed of longitudinal optical modes (LO mode,
∼2380 cm−1) and transverse optical (TO mode, ∼2344
cm−1) since the incident angle of IR beam light is 45 de-
grees (Ovchinnikov & Wight 1993). The band at ∼2328
cm−1 (usually named X-band) corresponds to a pure
and amorphous CO2 ice structure, which should grad-
ually diminish during irradiation due to the formation
of CO and disappear at 30 K during the annealing (Es-
cribano et al. 2013). The photochemical products can
be observed in IR spectra shown in Figure 2. The bands
at ∼2138 cm−1 and ∼2044 cm−1 correspond to CO and
CO3, respectively (Yamada & Person 1964).
The carbon balance method
|∆CO2(s)| = ∆CO(s) + ∆CO3(s) + ∆CO(g) + ∆CO2(g)
(4)
is used to calculate the photodesorption yield of CO2
ice in IR measurement. The decreasing column density
of CO2 ice should be converted into CO and CO3 in
solid phase, along with the desorbing CO and CO2 gas
phase molecules which can be regarded as photodesorp-
tion products. Hence, the total photodesorption yield
can be calculated as |∆CO2(s)|−∆CO(s), neglecting the
contribution of CO3 ice since it reached its largest value
after 5.5 min of irradiation and became negligible in the
later irradiation cycles.
3.1.2. Photodesorption as seen by Mass spectrometer
The photon-induced desorbing species measured by
QMS during VUV irradiation are shown in Figure 3.
Although QMS is a direct method to measure desorb-
ing species, the measured ion current does not equal to
the total number of desorbing molecules because only a
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Figure 2. Evolution of the absorbances of CO2 (∼2340
cm−1), CO (∼2140 cm−1), and CO3 (∼2044 cm−1) during
VUV irradiation at 16 K, with the CO2 ice deposited at 16
K.
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Figure 3. The intensity variation of m/z = 28 (CO), 32
(O2), 44 (CO2), and 60 (CO3) during VUV irradiation pe-
riods. The dash line represents the photon dose reached
5× 1016 photons cm−2.
small fraction reaches the QMS. The quantitative val-
ues of photodesorption yields from CO2 deposited at
different temperatures can be derived from calibrated
QMS described in Section 2.1. After calibration, the in-
tegrated signal of each molecule represents the relative
photodesorption yield of that given species. The main
photo-products are m/z= 28 (CO), m/z = 32 (O2), and
m/z = 44 (CO2), while no signal for m/z = 60 (CO3)
was detected, which is consistent with the result of IR
spectra.
Besides the ion current during irradiation, the back-
ground signal from ambient environment is also re-
quired, which means irradiating the KBr substrate di-
rectly before deposition of CO2 ice. In addition, since
gaseous CO2 is easily dissociated into CO by the ion-
izer of QMS giving m/z = 28, we have to extract the
mass spectrum of CO2 measured during deposition. An
excess in the relative intensity of m/z = 28 during irradi-
ation is, therefore, an indication of CO photon-induced
desorption.
3.1.3. The photodesorption mechanisms
There are basically two types of photodesorption
mechanisms taking place during the irradiation of a pure
CO2 ice (see also Fillion et al. 2014, Mart´ın-Dome´nech
et al. 2015). One is photochemidesorption, which means
that CO2 is photodissociated to form CO at the surface
of CO2 ice with enough kinetic energy to desorb directly
as a CO gas molecule at a decreasing rate with photon
dose (concentration of parent molecules is reducing with
photon dose). The other one is DIET, which occurs in
the ice bulk, as explained in Section 1, and dominates
the photodesorption process when both processes take
place simultaneously (Bertin et al. 2012; Fillion et al.
2014; Mart´ın-Dome´nech et al. 2015). The CO or CO2
molecules inside irradiated CO2 ice absorb a photon,
and transfer its energy sequentially to the molecules
near the surface layers to trigger the desorption, which
is therefore an indirect photodesorption process.
In the first five irradiation cycles, the ion current signal
of m/z = 28 is increasing with photon dose (Figure 3),
since the number of CO molecules formed during VUV
irradiated CO2 ice are not sufficient to reach the satu-
ration point. This indicates that the CO molecules are
photodesorbing through an indirect mechanism, because
otherwise the photodesorption yield would be decreas-
ing with photon dose, as explained above. In Figure 4,
when photon dose reaches 5×1016 photons cm−2, accu-
mulated CO molecules reach 60% of the column density
of CO2 bulk, which is enough to support stably and
efficiently the desorption yield via DIET mechanism.
On the contrary, CO2 is the initial ice component and
can desorb at constant rate during the whole irradiation
sequence even when it is desorbing through the DIET
mechanism, because the saturation point is already
reached at the beginning of the experiment.
3.2. The discrepancy in the CO2 photodesorption yield
measured by infrared spectrometer and mass
spectrometer
In Figure 5, before photon dose reaches 2.5×1016 pho-
tons cm−2, the IR data shows that the photodesorption
rate increases very rapidly (sharp slope), and then de-
creases gradually, while the QMS data shows the oppo-
site trend. Since the ion current from QMS represents a
direct measurement of photodesorbing molecules in the
gas phase, the photodesorption yield derived from QMS
should be more reliable than the IR results; indeed, the
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Figure 4. The photodesorption of CO and CO2 as a func-
tion of photon dose in the 16 K deposition and irradiation
experiment derived from calibrated QMS.
later measures a decrease in the ice absorption band that
can be due to other processes. We propose two possi-
ble reasons which may cause this discrepancy: missing
carbon and changes in the ice IR absorption strength
during irradiation.
3.2.1. Missing Carbon
During VUV irradiation, CO2 dissociates as
CO2 + hν → CO∗ + O (5)
with the dissociation energy 5.45 eV of the C=O double
bond (Darwent 1970), which is lower than the energy
produced by MDHL (6.89–10.88 eV) to be a feasible re-
action. Because the dissociation energy of the so-formed
CO molecules (11.09 eV) is larger than the energy pro-
vided by the MDHL, one possible back reaction to re-
form CO2 is via the predissociation of CO (Gerakines
et al. 1996; Loeffler et al. 2005; Mun˜oz Caro et al. 2010;
Okabe et al. 1978): the excited CO* molecule combines
with a ground state CO molecule through the reaction
CO∗ + CO→ CO2 + C, (6)
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Figure 5. The photodesorption yields derived from IR (car-
bon balance equation) and QMS as a function of photon dose
in 16 K deposition configuration.
producing CO2 as well as a carbon atom, which is IR-
inactive due to the lack of permanent dipole moment.
Thus, when the photodesorption yields are calculated
by carbon balance method, the carbon atom is not ac-
counted for the calculation of Equation 4, which should
be modified as
|∆CO2(s)| = ∆CO(s) + ∆CO3(s) + ∆C(s)
+∆CO(g) + ∆CO2(g) + ∆C(g)
(7)
Accordingly, considering a negligible formation of CO3
in the thin CO2 ice irradiation, the total number of
CO2, CO, and C photodesorbing species during the ir-
radiation interval becomes |∆CO2(s)|−∆CO(s)−∆C(s),
which is lower than what we derived from carbon
balance method, causing a discrepancy of results be-
tween IR and QMS. Figure 6 shows evidence that
supports the assumption of missing carbon: A(12) −
fCO2(12) × A(CO2) includes the signal of photodes-
orption of C atom accompanied with the fragmen-
tation of CO to C, A(C)/A(CO). This ratio is re-
ferred to as fCO(12) for pure CO gas injection into
the UHV chamber. fCO2(12) is fragmentation of
A(C)/A(CO2) during CO2 ice deposition. If the ra-
tio of [A(12) − fCO2(12) × A(CO2)]/A(CO) is larger
than fCO(12) during irradiation, it means there exists
photodesorption of carbon. In the beginning, photodes-
orption of carbon atom is high compared to photodes-
orption of CO, which corresponds to the rapid desorp-
tion derived from carbon balance in IR measurement.
After the photon dose reaches 1 × 1017 photons cm−2,
the photodesorption of carbon atoms is not so signifi-
cant, and the amount of solid carbon atoms that remain
in the CO2 ice bulk can be estimated from Equation 7,
shown in Figure 7.
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Figure 6. The ratio of [A(12)− fCO2(12)×A(CO2)]/A(CO)
during VUV irradiation in experiment of CO2 deposited at
16 K configuration.
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Figure 7. The estimated column density of carbon atom as
a function of photon dose in CO2 deposited at 16 K config-
uration.
3.2.2. Variation of absorption strength
The high concentration of CO molecules formed dur-
ing irradiation in the CO2 ice bulk is expected to cause
a change in the CO2 absorption band strength. Vari-
ous authors reported changes in the IR band strengths
(e.g., d’Hendecourt et al. 1982; O¨berg et al. 2007a), as
a function of ice composition. We performed the fol-
lowing experiments to confirm whether the absorption
strength of CO2 ice changed during irradiation. CO ice
was deposited on substrate first, and then covered by
CO2 ice on top at 16 K, with CO and CO2 column den-
sities 74 ML and 139 ML (CO:CO2 = 1:2), respectively.
The layered ice was warmed up from 15 K to 95 K with
heating rate of 0.5 K min−1 for complete sublimation of
CO2. During annealing, CO started to thermally diffuse
into CO2 ice through the pores, as described in Cooke
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Figure 8. (a) The absorbance of CO2 during annealing of
the CO:CO2 = 1:2 layered ice. (b) The normalized integrated
IR band of CO and CO2 during annealing of the CO:CO2 =
1:2 layered ice.
et al. (2018). The CO desorbed considerably at 30 K as
shown in Figure 8, leaving CO2 behind.
Furthermore, a mixture of CO and CO2 ice was de-
posited to monitor the abundant CO molecules in CO2
ice, with the similar column density and ratio as in
layered ice experiment. During annealing, the CO
molecules desorbed gradually from 40–70 K and then
∼5% remained in the ice mixture, shown in Figure 9(b).
The integrated absorption band of CO2 changed less
than 10% during thermal process, indicating that the
variation of absorption strength of CO2 is not the main
cause of discrepancy between the IR and QMS results,
even though more than 60% of CO molecules were pro-
duced in the CO2 ice bulk during irradiation.
According to the annealing experiments of CO2/CO lay-
ered ice and CO2+CO ice mixture, missing carbon is
the most likely reason to cause the discrepancy of the
trend of photodesorption yields derived from IR spectra
and mass spectra. Therefore, we suggest that IR spec-
troscopy is not suitable for measuring the photodesorp-
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Figure 9. (a) The absorbance of CO2 during annealing
of the CO:CO2 = 1:2 ice mixture. (b) The normalized in-
tegrated IR band of CO and CO2 during annealing of the
CO:CO2 = 1:2 ice mixture.
tion yield of ices which can be easily photodissociated
to form molecules or atoms without a dipole moment.
3.3. Photodesorption yield
Owing to the uncertainty of missing carbon in IR mea-
surement and little variation of CO2 absorption band
strength, the photodesorption yields (Ypd) at different
deposition temperatures are calculated from the inte-
grated ion current measured from QMS. Through the
quantitative calibration of QMS, the photodesorption
yield is no longer a relative value, but a meaningful
photodesorption yield in units of molecules photon−1.
Average values of the photodesorption yield of CO, O2,
and CO2 under different deposition temperatures of CO2
ices are shown in Table 1. From Table 1 it is obvious
that CO2 morphology has no effect on photodesorption
yield.
During VUV irradiation, the dominant photodesorb-
ing species are CO and O2 molecules, in agreement with
Bahr & Baragiola (2012) and Mart´ın-Dome´nech et al.
Table 1. Photodesorption Yields of CO, O2, and CO2
Corresponding to Different Deposition Temperatures of
CO2 Ices
CO2 deposited temperature Ypd(CO) Ypd(O2) Ypd(CO2)
(K) (×10−2 molecules photon−1)
16 8.3±0.4 2.4±0.1 2.4±0.2
30 7.6±0.4 2.3±0.1 2.±0.2
40 8.3±0.4 2.4±0.1 2.4±0.2
50 7.9±0.4 2.3±0.1 2.5±0.2
60 8.3±0.4 2.3±0.1 2.6±0.2
16a 3.4±0.2 1.1±0.1 0.9±0.0
8b ∼1.20 ∼0.093 ∼ 0.011c
Note—
a Experiments with F-type MDHL lamp.
b Adopted from Mart´ın-Dome´nech et al. (2015).
c 13CO2
Table 2. Ratios between Photodesorption Yields of CO/O2
and CO/CO2 in the Experiments of
12CO2 and
13CO2 De-
posited at 16 and 60 K, Irradiating at 16 K
Deposited temperature 16 K 60 K
Ypd Ratio CO/O2 CO/CO2 CO/O2 CO/CO2
12C 3.39 3.47 3.58 3.13
13C 3.69 3.47 3.88 2.96
(2015). Besides, the value we report for the observed
CO2 photodesorption yield is significantly higher than
previous estimates (Bahr & Baragiola 2012; Fillion et al.
2014; Mart´ın-Dome´nech et al. 2015). We, therefore, em-
ployed 13CO2 ice, deposited at 16 and 60 K, to discard
a potential contamination of CO2 in the chamber, fol-
lowed by irradiation at 16 K following the experimental
procedure of 12CO2 described in Section 2.1 The ratios
between photodesorption yields of CO/O2 and CO/CO2
at 16 and 60 K shown in Table 2 are almost the same in
both 12CO2 and
13CO2 cases, which corroborates that
the photodesorption yield of CO2 is comparable to that
of O2 in our experiments. Photodesorption
yield is dependent on the VUV-absorption cross section
of the species and the VUV spectrum of MDHL. From
Table 1, there is a large discrepancy of photodesorption
yields of CO, O2, and CO2 between Mart´ın-Dome´nech
et al. (2015) and this work. Chen et al. (2014) reported
that the geometry of quartz-tube of MDHL leads to
different VUV spectra. We adopted a T-type lamp in
IPS whereas a F-type lamp was used in ISAC (Mart´ın-
Dome´nech et al. 2015). In addition, experiments using
a F-type lamp were also performed in IPS. The pho-
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todesorption yields are shown in Table 1. According to
Beer-Lambert law, the absorption spectrum of CO2 ice
is
Iabs(CO2) = I0 − It = I0(1− e−NσCO2 ), (8)
where I0 and It is the intensity of incidence and trans-
mittance as a function of wavelength λ, N is the column
density of CO2 ice, and σCO2 the VUV-absorption cross
section of CO2 as a function of wavelength λ.
The normalized incident intensity in three kinds of
MDHL configurations are shown in Figure 10(a), while
(b) depicts the VUV-absorption cross section of CO, O2,
and CO2. The weighted-absorption intensity of CO2
in three kinds of MDHL configurations derived from
Equation 8 are shown in Figure 10(c). The integration
of COCO2 absorption spectrum is positively correlated
to the photodesorption, which is a zeroth-order process
since it is not dependent on thickness in the thin ice
experiments (Cottin et al. 2003). Figure 11(a) displays
the photodesorption yields of CO2 as a function of in-
tegrated VUV absorption of CO2 convolved with the
emission from the three kinds of MDHL configurations,
which is represented by a linear relationship.
CO is a photo-dissociation product from CO2 ice, and
photon-induced desorption took place mainly through
the DIET mechanism (Mart´ın-Dome´nech et al. 2015),
therefore the photodesorption yield of CO is propor-
tional to the product of integrated absorption spec-
trum of CO2 (production yield of CO molecules in CO2
ice) and integrated absorption spectrum of CO (en-
ergy transfer from excited CO molecules to those CO
molecules in top few monolayers), shown in Figure 11(b).
As for O2, the formation is also a two-step reaction in-
cluding Equation 5 and
O + O→ O2. (9)
Analogous to the case of CO, the photodesorption of
O2 is proportional to the multiplication of integrated
absorption spectra of CO2 and that of O2, shown in
Figure 11 (c).
4. CONCLUSIONS AND ASTROPHYSICAL
IMPLICATIONS
We have investigated the photodesorption yield of
CO2 as a function of ice deposition temperature by
transmittance FTIR and mass spectrometry. From IR
spectral analysis, it is possible to estimate the total pho-
todesorption yield of all the desorbing species, but in-
formation on the desorption of individual species can-
not be extracted from this data alone. Moreover, we
have demonstrated that the IR absorption strength of
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Figure 10. (a) The incident intensity I0 in three kinds of
MDHL configurations. (b) VUV-absorption cross section of
CO, O2, and CO2. (c) The weighted-absorption intensity of
CO2 in three kinds of MDHL configurations.
CO2 does not change significantly during irradiation.
Therefore, the apparent discrepancy in the estimated
photodesorption yields, obtained by IR and QMS, is ex-
plained when the IR-inactive carbon atoms formed by
CO2 photoprocessing are taken into account. These car-
bon atoms reside in the CO2 ice bulk. With regard to
the uncertainty in the photodesorption yield, we have
performed a novel method for quantitative calibration
of the mass spectrometer to study the photodesorption
yield of CO2 ice deposited at different temperatures.
The quantitative calibration of QMS is significant and
indispensable to investigate the photodesorption yields.
CO, O2, and CO2 are the dominant desorbing species
with the following photodesorption yields: Ypd(CO)
= 8.3 ± 0.4 × 10−2 molecules photon−1, Ypd(O2) =
2.3 ± 0.1 × 10−2 molecules photon−1, and Ypd(CO2)
= 2.4 ± 0.2 × 10−2 molecules photon−1. The appar-
ent discrepancy in the photodesorption yields between
this work and Mart´ın-Dome´nech et al. (2015) can be
explained very well by the linear relationship between
the photodesorption yield and the integrated VUV-
absorption in three kinds of MDHL configurations. In
O¨berg et al. (2009), the Ypd(CO2) for CO2 deposited
at 18-30 K is 2.3× 10−3 molecules photon−1 calculated
from 1.2×10−3×(1−e−x/2.9)+1.1×10−3×(1−e−x/4.6),
where x is the ice thickness, i.e., x = 141 ML to com-
pare with this work. The Ypd(CO2) is 40% lower for
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Figure 11. The photodesorption yields of (a) CO2, (b) CO,
and (c) O2 as a function of (a)
∫
Iabs(CO2), (b)
∫
Iabs(CO2)×
Iabs(CO), (c)
∫
Iabs(CO2)×Iabs(O2) in three kinds of MDHL
configurations with a linear fit.
CO2 deposited at 60 K and cooled down to 18 K than
that for CO2 deposited at 18 K. This seems to verify
that in the case of CO2 deposited at 40–60 K, the UV
photon energy contributed to restructure the ice from
crystalline to amorphous to make an effective exit chan-
nel for molecules to desorb to the surface, in line with the
conclusion from Yuan & Yates (2014). In contrast, this
study demonstrates that the photodesorption yield of
CO2 is not ice structure dependent, which is incompat-
ible with the preceding works based on IR spectroscopy
for quantification (O¨berg et al. 2009; Yuan & Yates
2014). As mentioned in Mun˜oz Caro et al. (2016), the
photodesorption yield of CO ice is independent of ice
structure, and the linearly decreasing photodesorption
yield for increasing deposition temperature might be due
to orientational disorder. Therefore, whether polar CO
or non-polar CO2, their structures are not directly re-
lated to the photodesorption yield.
This work has implications for the interpretation of gas-
phase observations toward cold interstellar and circum-
stellar environments where ice mantles were submitted
to UV irradiation. The ice analog component studied
in this paper, pure CO2 ice, is believed to form in ice
mantles by two processes. One is the CO2 segregation
out of the CO2-H2O mixture, leading to CO2 inclusions
in water ice. The other is a distillation process, in which
CO evaporates from a CO2-CO ice mixture, leaving pure
CO2 behind (Kim et al. 2012; Pontoppidan et al. 2008).
In the former process, UV irradiation of CO2 inclusions
in water ice produces CO, O2 and CO3 molecules that
will be mainly retained in the ice with a negligible des-
orption. The latter evolutionary phase of the ice is fa-
vorable for the photodesorption of CO2, because CO2
ice is exposed to the surface of ice mantles, and our ex-
perimental results are more directly applicable to this
scenario. Only CO3 is not expected to photodesorb in
this case, according to the experiments. In particular,
the photodesorption yields of CO2, the CO and O2 pho-
toproducts, in molecules photon−1, should be valid to
estimate the density of these species in the gas of cold
environments. In dense clouds, the secondary UV field
originated by excitation of molecular hydrogen is about
103 − 104 photons cm−2 s−1, and should be dominated
by the molecular emission lines with a smaller contri-
bution of the more energetic Ly-α photons produced by
atomic hydrogen. This UV emission spectrum, along
with the total value of the UV flux, dictates the values
of the photodesorption yields in our experiments. In
Section 3.3 of this paper, we report the linear depen-
dence of the photodesorption yields with the UV lamp
emission and ice absorption spectra in the UV.
Pure CO2 ice is expected to be in the crystalline form in
ice mantles, since the band around 4.30 µm (2328 cm−1)
of amorphous CO2 ice is absent in the observed spec-
tra toward dense clouds and protostars; this suggests
that CO2 ice was formed on the dust at temperatures
above 25 K, or was submitted later on to these temper-
atures (Escribano et al. 2013). We confirmed that this
ice structure reflects the temperature of ice deposition
in the experiments. One of the conclusions from our
work is that the photodesorption yield of CO2 does not
depend on the degree of amorphous or crystalline struc-
ture of the ice.
In Section 3.2 of this paper, missing carbon is intro-
duced to explain the CO2 discrepancy in the photodes-
orption yield measured by infrared spectrometer and
mass spectrometer. When carbon atom is considered
in the carbon balance method, the estimated ratio of
∆C(s)/∆CO2(s) is ∼33%. Unlike CO2, other C-bearing
molecules present in ice mantles, in particular CO,
CH3OH, and CH4, are not expected to contribute ap-
preciably to the release of C atoms in the gas phase. In
the case of CO, only the most energetic photons with
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E > 11 eV are capable to dissociate CO molecules to
produce C. Meanwhile, photoprocessing of simple hy-
drocarbons in the ice, like CH3OH or CH4, trigger the
formation of numerous species and no free C atoms are
produced.
A possible C-chemistry driven by secondary-UV in CO2-
rich ice will be a minor effect compared to X-rays, in
particular in thin ices. But a considerable amount of C
retained in the ice bulk, and close to the surface as in
one of the ice scenarios (the one where CO distillates
near 20 K and CO2 is the main component on the ice
mantle surface), could have implications for the evolu-
tion of dense cloud interiors, and later on during star-
formation. Indeed, the [C I] line was found to be a more
important coolant than the lowest three rotational tran-
sitions of CO in moderate density gas, n(H2) ∼a few
103 cm−3 as long as N(C)/N(CO) ∼0.1 (Pineau des
Foreˆts et al. 1992; Wilson 1997). However, the ratios
C/CO and C+/CO drop sharply when nH approaches
104 cm−3 (Pineau des Foreˆts et al. 1992). Therefore, the
background radiation field ionizes neutral C atoms, and
C II is regarded to be an efficient coolant of the gas in
star-forming regions within dense clouds (e.g. Stahler &
Palla 2008).
The release of C atoms to the gas phase might also
have important implications for chemistry. At very low
gas temperatures, neutral-neutral reactions are slow and
C can stay longer in its atomic form, while at high
temperatures, C will react with neutrals forming CO,
HCN, C2, etc.; see, for instance, the KIDA database
(http://kida.obs.u-bordeaux1.fr/).
Carbon-chain molecules account for ∼40% of the inter-
stellar molecular species detected to date, being spe-
cially abundant in dark clouds. The starless core Taurus
Molecular Cloud-1 Cyanopolyyne Peak (TMC-1 CP) is
the richest known source of carbon-chain molecules and
is where most of the carbon-chain molecules detected
in interstellar clouds exist (e.g., Foss et al. 2001, Kaifu
et al. 2004). Recently, carbon-chain molecules have
also been detected in dense and warm regions around
low-mass protostars. The carbon-chain molecules are
thought to be produced from CH4 evaporated from
dust grains via a mechanism called warm carbon-chain
chemistry (WCCC), for which representative sources are
L1527 and IRAS 15398-3359 (e.g., Sakai et al. 2008).
The enhancement of carbon-chain molecules in these re-
gions has been interpreted as the consequence of the
evaporation of CH4 in a lukewarm (TK∼50) region near
a protostar (Hassel et al. 2008; Aikawa et al. 2008). The
release of atomic C in this warm region might be an
important ingredient for the chemical evolution of these
objects.
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